nisms are involved in synthesizing illusory contours from moving images. Introduction Results One of the most challenging problems confronting the human visual system is the recovery of occlusion relaWe constructed a display in which a thin diamond outline tionships. The computational difficulty stems from the figure oscillated horizontally at a constant speed, passfact that there is no simple relationship between lumiing behind a vertically oriented rectangular occluder nance discontinuities ("edges") on our retinas and the ( Figure 1a ). The occluder was the same color as the presence or absence of occluding contours in the scene. background (black), and was therefore visible only at Luminance discontinuities can be generated by reflecthe points of intersection with the diamond. At the point tance changes, shadows, object boundaries, or abrupt of maximal occlusion, slightly more than half of the diachanges in surface orientation, so there is no unique mond figure remained visible. Since the same pattern relationship between image contours and their environof occlusion and disocclusion could have been caused mental cause. An even more severe problem arises when by an infinite family of surfaces, the shape of the occludportions of the occluding contour are camouflaged ing surface was ambiguous. The perceived shape of the against a similarly colored background. In such conoccluder may therefore reveal properties of the mechatexts, there is no local contrast to identify the existence nisms underlying the recovery of occlusion geometry of a contour, yet if the visual system is to correctly when it is not uniquely determined by the stimulus. In segment the scene, it must be able to infer the presence our display, a clear illusory contour appeared to delinof the contour from fragmentary image data. It is now eate the edge of the occluding surface, forming a convex well known that the visual system contains mechanisms curve that seemed to move in a direction opposite to that compensate for missing contour segments through the occluded figure and to change shape during the the construction of "illusory" contours between inducing occlusion event. To determine the nature of the transforcontour segments (Schumann, 1900; Kanisza, 1979). mation defining the perceived shape change, we meaSince illusory contours do not have a counterpart in the sured the evolution of the illusory contour's shape for stimulus, they reflect the activity of internal mechanisms, a number of discrete time slices of the occlusion event providing a unique window onto the neural processes (see Experimental Procedures). According to extant theunderlying the computation of occlusion.
Heydt, 1993). Since the orientation of the inducing edges was constant during the motion sequence, there are no local changes in the geometry of the inducing contour (the diamond's edges) that would lead to a change in the local orientation of the illusory contour. However, as the diamond becomes progressively occluded, the distance between contour terminators increases. If the shape of the illusory surface depends on the distance between the contour discontinuities, then the angle formed between the illusory surface and the inducing contour would be expected to change during the occlusion event. Alternatively, if the distance between contour terminators is not playing a role in the perceived shape of the illusory surface, then the angles formed between the illusory contour and the inducing contours of the diamond should be invariant during the occlusion event. This suggests that the illusory contours that form at different points in time should be relatable by a transformation that preserves angle, namely, a scaling transformation. Figure 1c presents the raw data showing perceived changes in the shape of the illusory contour. In Figure 1d , the data have been normalized to equate the distances between contour terminators for each observer. The plots clearly show that the shapes of the contours are essentially identical under a uniform scaling transformation.
The discovery that the illusory contours in the time series of Experiment 1 are relatable by a scaling transformation implies that the distance between contour terminators does not change the orientation of the occluding surface formed at the contour terminators (since scaling transformations preserve angles). This suggests the possibility that the scale invariance observed in Experiment 1 is due to purely local inductions generated at the contour terminators by the inducing contours of the diamond. To assess the importance of the geometric properties of the inducing figure in determining the perceived shape of the illusory contour, we repeated this Rather, the surprising quality of these data is that the direction of the shape change is opposite to that which would be predicted by the local geometry of the display.
The failure of the geometric relationships between inducing elements to predict the change in illusory contour shape observed in Experiment 2, taken together with a failure to observe any effects of distance between contour terminators in changing the local orientation of the illusory contours in Experiment 1, suggests that some other property must play a role in determining the contour shapes perceived in these displays. One natural candidate is the velocity (or some higher-order derivative of position) of the inducing contours. Indeed, pilot work revealed that the magnitude of the bowing of these illusory contours could be significantly reduced if the velocity of the display was increased. In Experiment 1, the velocity of the diamond's contour terminators was constant during the motion sequence, but this was not true for the circle used in Experiment 2: the contour terminators at the occlusion boundary had variable velocities, moving rapidly at first and slowing as the circle became increasingly occluded (Figure 2e ). To assess the importance of the terminator velocity in our displays, we varied the circle's translation speed so that the velocity of the contour terminators remained constant. This required the circle to translate slowly during the initial phase of occlusion, accelerating rapidly as it passed further behind the occluding surface (Figure 3a) . Remarkably, when the data were rescaled to equate the distances between the circle's terminators, the illusory contours were essentially indistinguishable (Figure 3b ). This means that the transformation relating progressive members of the time series was once again a uniform scale change (see Figure 3c) . Note that the same (circular) shape was used in both this and the previous experiment, demonstrating the critical role of velocity in determining the perceived illusory contour shape.
The identity of perceived shape when the data from Experiment 3 were isotropically scaled demonstrates that the instantaneous orientation of the tangent to the circle at its terminators has no identifiable effect on illusory contour shape in this display. This suggests the possibility that the scaling relationship between the illusory contours generated by the diamond figure in Experiment 1 arose from the uniform velocity of the contour were observed for any of the aspect ratios examined. the data depicted in Experiment 1, the changes in shape of the illusory contour during the occlusion event cannot be reduced to a simple scaling transformation. Rather, when the circle is only slightly occluded, the resulting illusory contour is relatively flat, and the illusory contour bows into a more convex shape as the circle becontour terminators (right). The constant translation velocity of the comes increasingly occluded.
circle generates a highly nonlinear translation velocity of the contour (e) The velocity profiles of the partially occluded circle (left) and the terminators.
was stationary, then the path traversed by the terminator would specify the shape of the occluding contour (here, a straight vertical occluder). However, if the occluding surface is not assumed to be stationary, then the terminator trajectory represents a combination of the occluding surface's shape and its state of motion. Indeed, observers report that the occluding contour does appear to translate in a direction opposite to the progressively occluded and disoccluded inducing contour, which means that the straight terminator trajectory could not have been generated by a straight occluder. We have found that a simple model can explain the pattern of results observed in our data. The intuitive gist of the model is that the shape of the occluding surface is determined by a displaced version of the contour terminator's trajectory. The displacement of the occluding surface is assumed to occur in a direction opposite to the partly occluded contour's direction of motion (an "induced" motion), which means that the resultant velocity vector formed by combining the actual terminator path with this induced motion will not be oriented vertically. Consider two discrete frames in the motion sequence. In our experiments, the contour terminators always had a purely vertical trajectory. Thus, for two frames separated by a time interval ⌬t, the motion of the terminator was along a purely vertical path (denoted ⌬y in Figure 4a ). The perceived orientation of the occluding surface is assumed to be determined by the vector specifying the trajectory of the terminator, displaced in a direction opposite to the inducing figure by some (unknown) amount. The model assumes that the perceived angle at the points of occlusion is proportional to the angle formed by this resultant vector. If this angle the illusory contour during the motion sequence can now be characterized by a simple scaling transformation, even though the geomet-
ric relationships between elements of the display are identical to those in Experiment 2.
where v y is the terminator velocity, v x is the induced motion attributed to the occluder by the partially occluded surface, and k is a proportionality constant. Note Discussion that the ratio v x /v y is only well defined for nonzero (or near zero) terminator velocities, which restricts the velocity What accounts for the apparent changes of shape and motion attributed to the occluding contour in our disregimes in which one would expect to observe these phenomena (i.e., in the limit, the terminator becomes a plays? The geometric principles used to construct contour shape from static images are incapable of exstatic image feature). Note that this model specifies how the visual system computes the orientation of the illusory plaining these data, so a new kind of model is needed. To understand our results, consider the general problem contour at the points of intersection with the occluded contour; no explicit theory of how the contour is interpoconfronting the visual system with these displays. The visual system is given a pattern of motions on the retina lated between these local inductions is described. Here, we assume that changing the distance between contour and must recover the properties of the occluding surface from the image data. In static images, this problem reterminators does not cause any change in the orientation of the illusory contour at the contour terminators, duces to inferring the shape of the occluding surface. However, in moving images, the visual system must infer but rather simply causes a change in scale of the interpolated contour (as we observed in our data). In Equation both the shape of the occluding surface and its state of motion relative to other moving features in the images.
2, the terminator velocity v y represents a property of our stimulus, so the remaining problem is to determine the If the visual system assumed that the occluding surface functional form needed for the induced velocity profile v x to explain the range of observed values of φ in our experiments.
In principle, the velocity profile of the induced motion could be a complex function that depends on a number of properties of the inducing figure (such as its size and velocity profile). However, we have found that all of our data can be successfully modeled if the speed of the occluding contour is simply assumed to be constant and independent of the velocity of the inducing target, i.e., if v x ϭ c. To see how this model explains our results, consider Figure 4b , a schematic depiction of Experiment 2. In this experiment, the position change of the terminator ⌬y was large as the circle was initially occluded and became smaller as the circle became more occluded. By hypothesis, the induced motion of the occluder ⌬x was the same per unit time during the entire occlusion sequence. Thus, when the circle was initially occluded, ⌬y was largest in relation to ⌬x, leading to a local contour induction that was near vertical. However, as the circle was increasingly occluded, ⌬y decreased while ⌬x remained constant, causing φ to increase as the extent of occlusion increased. To test this model quantitatively, we measured the orientation of the occluding contour as it changed throughout the motion sequence, and fit Equation 2 to our data (see Experimental Procedures). As can be seen in Figure 5 , this model provides an excellent fit to the perceived orientations of the occluding surface.
The fact that the illusory contours observed in Experiments 1 and 3 were simply scaled copies of each other can also be understood with the model described above. In Experiment 3, the circle was translated in a manner that kept the vertical terminator velocity v y constant (see Figure 5c ). The induced motion attributed to the occluding surface remains constant (since the induced motion is assumed to be independent of the velocity of the circular inducer), which means that the angle φ must also be constant. Hence, the model predicts that the angle of the local contour induction should not change, which implies that the different members of the time series should simply be scaled copies of each other. This is indeed what we observed. A similar logic explains the results observed in Experiment 1 with the diamond figure, since the ratio v x /v y is also constant in this experiment. Finally, our model can also provide an explanation for our qualitative observation that the illusory contour's perceived angle φ decreases as the velocity of the occluded figure is increased. Note that the terminator velocity v y increases when the velocity of the occluded the assumption that ⌬x is constant during the occlusion event, the (b) A discrete depiction of Experiment 2 and its explanation in terms ratio of these quantities is also constant. The angle φ therefore of the model. Here, the circle is shown as it moves leftward. As the remains the same, leading to local contour inductions whose oriencircle becomes more occluded, ⌬y decreases; we assume that ⌬x tations do not change (depicted at the top). Thus, this model corremains constant through each time interval ⌬t (see Figure 6) . The rectly predicts the scale invariance observed when terminator velocratio of ⌬x/⌬y therefore changes such that φ is small for a small ity is held constant.
appear to move along a straight but tilted line (cf. Post et al., 1989). Five observers (three naive subjects and the two authors) were asked to judge the dot's apparent trajectory, and all observers reported that it appeared to move along an (approximately) straight-line path for both velocity profiles used in our experiments. The two observers (B. A. and H. B.) used in the previous studies also performed estimations of induced motion magnitude by adjusting a graphically generated line to match the perceived orientation of the dot's trajectory for the two experiments. These magnitude estimations of the induced displacement were statistically indistinguishable for the two velocity profiles but about a factor of 3 smaller than those derived for the illusory contours in our model. This difference in magnitude is not surprising, since there is no a priori reason to expect that the magnitude of motion induced onto a real and illusory target should be equal. Indeed, note that unlike the dot, the illusory contour does not have an objectively specified position, so it seems reasonable to expect that illusory contours are more susceptible to induced motion than real (i.e., contrast-defined) features. A more striking test of our model can be derived from the assumption that the illusory occluding surface's direction of motion is opposite to that of the inducing vertical occluder, the circle was displaced rightward with a constant speed and the occluding surface was moved rightward at a higher constant speed. Although figure is increased, whereas the induced velocity of the the relative motions between the occluder and occluded occluding surface is constant. As the velocity v y infigure were identical in these two displays, the retinal creases, the ratio v x /v y decreases. This leads to the premotion of the partially occluded figure was in opposite diction that the angle φ should decrease, which is again directions when observers viewed these two displays what we have observed.
while fixating a stationary target. Our model therefore Thus, our model provides both a good quantitative predicts that the occluding surface should originate and qualitative account of our data. The primary asfrom opposite sides of the occluded contour in these sumption of our model is that the deformations in pertwo displays. In our circular displays, this would mean ceived shape observed with our patterns were generthat the occluding surface would appear to originate ated by a displacement imparted onto the illusory from inside the circle. Note that illusory contours of this contour by the partially occluded figure. The two main kind cannot be observed in static variants of our stimuli, assumptions about this induced motion are: (1) it is in a so a percept of this kind falls completely outside the direction opposite to that of the partly occluded contour scope of static theories of contour synthesis. Remark-(the inducing figure), and (2) the magnitude of the inably, this is exactly what observers report. We have duced motion is independent (or only weakly dependent)
shown this display to 12 (naive) observers, and all have on the velocity of the inducing figure, at least for the reported that the occluding surface appears to emerge velocity regimes considered here. We have performed from inside the circle when the retinal direction of motion control experiments to test both of these assumptions is opposite to that used in our previous experiments on our stimuli. To test the second assumption, we mea-(see Figure 6 ). Extant models of illusory contour synthesured the magnitude of induced motion imparted onto sis would not predict this striking reversal. a small dot by the circle displays used in Experiments One concern with the present findings is the fact that 2 and 3. In the first experiment, the circle had the uniform the perceived shapes of the illusory contours are quite horizontal translation profile used in Experiment 2, and different for the two observers. We have performed a the second experiment utilized the nonlinear translation number of control experiments to assess the cause of profile used in Experiment 3. The target dot oscillated this difference, and have found that the most likely cause vertically with a uniform velocity in phase with the horiof these differences is the role of smooth pursuit eye zontal oscillation of the circle. If the velocity imparted movements. Observer B. A. reported making extensive horizontal tracking movements in the same direction onto the dot was a constant value, then the dot should motion has been thought to reflect the operation of receptive fields that possess an antagonistic center-surround organization with respect to motion direction (Tynan and Sekuler, 1975; Anstis and Reinhardt-Rutland, 1976; Nakayama and Tyler, 1978; Reinhardt-Rutland, 1981, 1983; Nawrot and Sekuler, 1990). Indeed, one of the computational benefits of such mechanisms is that they could provide a means for determining whether retinal motion results from self-motion or from the motion of objects relative to the background (cf. Frost and Nakayama, 1983). The retinotopic dependence of the phenomena described above suggest that such lowlevel visual mechanisms may indeed play a critical role in the effects reported here. The antagonistic and retinotopic nature of the induced motion in the displays de- 
